Fumonisin B I (FBI) and aminopentol (API) (which is formed by hydrolysis of FBI) are found in com contaminated with some strains of Fusarium moniliforme. Incubation of HT29 cells (a human colonic cell line) with FBI or API caused a significant reduction in cell number; AP I was less potent, with 50 J1M API causing the same reduction (ca. 30% after 24 h) as 10 J1M FBI' The reduction in cell number reflected increases in DNA fragmentation and the percentage of apoptotic cells. Both FBI and API caused the accumulation of sphinganine (25-and 35-fold by 10 J1M FBI and 50 J1M API' respectively); thus, concentrations of FBI and API that caused comparable reductions in cell number were also similar with respect to elevation of sphinganine, a compound that is growth inhibitory and cytotoxic. Inhibition of the first step of sphingolipid biosynthesis with ISP-1 prevented the elevation in sphinganine, DNA fragmentation, and apoptosis induced by FBI' Therefore, these effects of FBI on HT29 cells can be attributed to the accumulation of sphinganine. Since consumption of food contaminated with Fusarium moniliforme (Sheldon) exposes colonic cells to these mycotoxins, the possibility that FBI and API are toxic for intestinal cells in vivo should be evaluated, especially in the light of the recent report (Bhat et al., Clin. Toxieol. 35, 249, 1997) describing intestinal disturbances in humans after consumption of moldy com and sorghum containing fumonisins. e 1998 Academic Press Fumonisins are mycotoxins produced by Fusarium moniliforme (Sheldon) and F. proiiferatum, fungal contaminants of com and related products. There are several classes of fumonisins, of which fumonisin B 1 (FB 1) is the most prevalent unless the com has been treated with lime (Le., nixtamalized), which forms aminopentol (API) by removal of the ester-linked I Authors to whom correspondence could be addressed. E-mail: eschmel@emory.edu or amerril@emory.edu. tricarballylic acids. Ingestion of FB I as the purified compound or as F. moniliforme-contaminated corn has a wide spectrum of pathophysiologic effects, which include nephrotoxicity, hepatotoxicity and hepatocarcinogenicity, inhibition of embryonic development, immunosuppression, and immunostimulation (see recent reviews by Merrill et ai., 1996; Riley et ai., 1996), whereas, the toxicity of API is variable (Voss et ai., 1996). Fumonisin B I consumption is responsible for at least two diseases of veterinary animals (equine leukoencephalomalacia and porcine pulmonary edema) and has been proposed to contribute to the high incidence of esophageal cancer in some regions of South Africa (Rheeder et ai., 1992; Sydenham et ai., 1991) and China (Chu and Li, 1994; Yoshizawa et ai.. 1994).
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Fumonisins are mycotoxins produced by Fusarium moniliforme (Sheldon) and F. proiiferatum, fungal contaminants of com and related products. There are several classes of fumonisins, of which fumonisin B 1 (FB 1) is the most prevalent unless the com has been treated with lime (Le., nixtamalized), which forms aminopentol (API) by removal of the ester-linked tricarballylic acids. Ingestion of FB I as the purified compound or as F. moniliforme-contaminated corn has a wide spectrum of pathophysiologic effects, which include nephrotoxicity, hepatotoxicity and hepatocarcinogenicity, inhibition of embryonic development, immunosuppression, and immunostimulation (see recent reviews by Merrill et ai., 1996; Riley et ai., 1996) , whereas, the toxicity of API is variable (Voss et ai., 1996) . Fumonisin B I consumption is responsible for at least two diseases of veterinary animals (equine leukoencephalomalacia and porcine pulmonary edema) and has been proposed to contribute to the high incidence of esophageal cancer in some regions of South Africa (Rheeder et ai., 1992; Sydenham et ai., 1991) and China (Chu and Li, 1994; Yoshizawa et ai.. 1994) .
Fumonisin B1 is a potent inhibitor of ceramide synthase (Wang et ai., 1991) , the enzyme that is responsible for acylation of sphinganine in the de novo synthesis of sphingolipids and the reacylation of sphingosine that is formed upon sphingolipid turnover (Nikolova-Karakashian et ai., 1997) . This inhibition is due primarily to structural similarities between FB I and the substrates for ceramide synthase (sphinganine and fatty acyl-CoA), and requires both the aminopentol backbone and the tricarballylic acid sidechains (Le., API is approximately lO-fold less potent than FBI) (Merrill et ai., 1993; Nikolova-Karakashian et ai., 1997) .
Inhibition of ceramide synthase in cultured cells or in vivo -reduces cellular levels of complex sphingolipids and increases the amounts of free sphingoid bases (sphinganine, and sometimes sphingosine) (Wang et ai., 1992; Riley et ai., 1993) . Both probably contribute to the cellular effects of FB I because many members of this class of lipids play key roles in cell growth, differentiation, and the regulation of programmed cell death (apoptosis) (Merrill and Sweeley, 1996; Spiegel and Merrill, 1996; Hannun, 1997) . Nonetheless, an in-depth analysis of the effects of FBI on LLC-PKI cells (Yoo et ai., 1996) has concluded that the initial growth inhibition and cytotoxicity of FB I is due to the accumulation of sphinganine, a highly cytotoxic compound (Stevens et ai., 1990) . A limitation of these studies, however, was the use of l3-chloroalanine to inhibit sphingolipid metabolism because this compound can affect other metabolic pathways (Medlock and Merrill. 1988) .
With the recent availability of a much more potent and selective inhibitor of sphingolipid biosynthesis (ISP-l) (Miyake et al.. 1994) . the present study reexamined the relationship between the accumulation of sphinganine and the growth inhibition and cytotoxicity of fumonisins. The studies were conducted with a human colonic epithelial cell line (HT29 cells) that is sensitive to both FE I and AP J' which raises an additional question of whether fumonisins affect the intestine in vivo because they undergo biliary excretion (Norred et aI., 1993; Shephard et aI., 1994a; Prelusky et aI., 1994) and are primarily eliminated in feces (Shephard et aI., 1992 (Shephard et aI., , 1995 .
MATERIALS AND METHODS
Cell culture. The human colon carcinoma cell line HT29 (ATCC. Rockville. MD) was seeded at low (1 x 10 5 cells) or high density (5 X 10 5 cells) in flat-bottomed 12-well dishes (Coming. Cambridge. MA) and grown in 8 ml of Dulbecco's modified Eagle medium (DMEM) (Sigma. St. Louis, MO) supplemented with 10% fetal calf serum (HyClone, Logan, UT), 3.5 gIliter glucose. and 10 ml/liter of a solution of 6.1 mg/ml penicillin G and 10 mg/ml streptomycin in an incubator at 37°C and a humidified atmosphere of 5 % CO 2 , The medium was changed 24 h after seeding, and then the cells were incubated with DMEM containing FBI (obtained from Dr. Paul Howard of the NCTR, Jefferson. AR) or API at the indicated concentrations and times. The API was prepared by mild alkaline hydrolysis of FB I and was at least 98% pure based on analysis by HPLC and >99.8% pure by mass spectrometric analyses.
The cells were harvested with 0.25% trypsin in 0.05% EDTA, and cell number was determined by Trypan blue exclusion, or viability was evaluated by the conversion of tetrazolium bromide to fomiazan by viable cells (MIT assay) (Hansen et ai.. 1989) . For the latter assay. cells were seeded into 96-well dishes (8000 per well), treated as described above. and then rinsed with PBS, and incubated for 2 h with 100 J..d of MIT (3.(4.5-dimethylthiazol-2-yl) 2.5-diphenyltetrazolium bromide. I mg/ml in sterile PBS, pH 7.4) at 37°C. One hundred microliters of lysing buffer (20% SDS in 50% N.N-dimethyl formamide in water. pH 4.7) was added and. after an overnight incubation at 37°C. the optical density was measured with a microplate reader (Thermo Max. Molecular Devices. Menlo Park, CAl at a wavelength of 570 nm. Under these conditions, no undissolved formazan crystals were observed. Since intact mitochondria are required for the conversion to formazan. even early apoptotic cells differ from normal cells, while apoptotic cells are still able to exclude Trypan blue for several hours.
Sphingolipid analyses. The cells were recovered by trypsin treatment as described above and the lipids were extracted as described by Schmelz et al. (1994) . The free sphingoid bases and total sphingolipids were analyzed by reverse-phase HPLC (Shimadzu, CoiUmbia, MD), essentially as described by . but the mobile phase was changed to methanol:5 mM phosphate buffer. 87:13 (v/v) . The resulting peaks were identified by comparison with known standards. Quantitation of the sphingolipid content was achieved by the use of C:ao-sphinganine or N-acetyl-C 2o -sphinganine as internal standards. The C 2o -sphinganine was synthesized following the procedure described by Nimkar et al. (1988) and converted to the N-acetyl-derivative by dissolving the free amine in methanol with acetic anhydride (I: I) and. after approximately 12 h. precipitation of the N-acetyl-C 2o -sphinganine in ice cold water. Both standards were pure by thin-layer chromatography and HPLC.
Analysis of sphingolipid biosynthesis with radiolabeled serine. HT29 cells (1.5 x 10 6 in a loo-mm dish) were incubated with 0.5 J.LCi of e 4 C]Lserine (Amersham Life Science Co., Arlington Heights. IL) in DMEM for 24 h to label newly synthesized sphingolipids. The lipids were extracted as described in methods, separated on thin-layer chromatography plates (Merck silica gel 60 TLC plates. EM Separations. Gibbstown. NJ). and developed with chloroform:methanol:formic acid:water: 56:30:4:2 IV/V). The plates were air dried. and the regions with radioactivity were identified with a System 200 Image Scanner (Bioscan Inc.. Washington. DC). The labeled sphingolipids were identified by comparison with known standards for sphingomyelin. lactosylceramide. glucosylceramide. and ceramide (all from Sigma). which were run on the same plate and visualized with iodine vapor. To inhibit sphingolipid labeling. 70 nM ISP-I was added during the incubation with [14C]serine.
Detection offragmented DNA by agarose gel electrophoresis. HT29 cell> were treated as indicated. harvested by scraping. rinsed with PBS. and incubated with lysis buffer (0.5% Triton X-loo. 10 mM Tris-HCL 20 mM EDTA. pH 8.0) for 15 min on ice. The cells were centrifuged for 20 min at 3000 rpm. and the fragmented DNA in the supernatant was precipitated at -20°C for 18 h with 0.5 M NaCI in isopropanol. After centrifugation for 20 min at 14000 rpm. the supernatant was removed. and the pellet was dried in a SpeedVac Concentrator (Savant Instruments. Farmingdale. NY). Proteins and RNA were digested by incubation with RNase (Boehringer Mannheim Co.. Indianapolis. IN: I mg/ml) and proteinase K (Boehringer Mannheim: 200 J.Lg/ml) for I hr at 37°C. The DNA fragments were extracted with phenol:chloroform:isoamylalcohol (25:24: 1; v/v). centrifuged. and precipitated from the aqueous phase at -70°C overnight by adding..!... volume of sodium acetate (3 M. pH 5.3) and 2 10 volumes of ethanol. The samples were centrifuged. and the supernatants were discarded; the pellets were dried in a SpeedVac and resuspended in TE buffer (10 mM Tris-HCI. 1 mM EDTA. pH 8.0) containing I mg/ml RNase. Loading buffer (0.25% bromophenol blue and 30% sucrose) was added. and the samples were run on a 1.7% agarose gel (2.5 h at 50 V) with a TAE running buffer (40 mM Tris-acetate. 1 mM EDTA. pH 8.0). The DNA was visualized with ethidium bromide. and the gel was photographed under UV light.
Analysis of DNA fragmentation. DNA fragmentation was analyzed essentially as described by Higuchi and Aggarwal (1994) . The cells were seeded in 96-well dishes (8000 cells per well. in 100 J.LI of medium) and were incubated overnight with 0.5 J,LCi of [3HJthymidine/ml medium (specific activity 82.0 Cilmmol; Amersham Life Science Co.); the medium was then removed, the cells were rinsed with sterile PBS and incubated with the indicated agents (FB I and/or ISP-I) in DMEM. After a 24-h incubation. 100 J.Ll of lysis buffer (10 mM Tris-HCI. 5 mM EDTA, 0.6% Triton X-IOO. pH 8.0) was added for 5 min at room temperature. and the supernatants were transferred into Eppendorf microcentrifuge tubes and centrifuged at 12.ooog for I min. The radiolabel in the supernatant (representing fragmented DNA) and DNA from the pellet (solubilized with 20% SDS) were used to calculate the percentage of fragmentation as follows: % DNA fragmentation = (dpm in test sample/dpm total) X 100.
Flow cytometric analyses. Aow cytometric analyses were conducted using a FACScan (Becton Dickinson. San Jose. CAl. The cells were grown at low or high density and incubated with the indicated agents and then were harvested with trypsin (as described above) and fixed with 70% ice-cold ethanol. Prior to flow cytometric analyses. the cells were washed with 40 J.LI of a phosphate-citrate buffer (24 parts of 0.2 M Na2HP04' I part of 0.1 M citric acid; pH 7.8) at room temperature (Gong et ai.. 1994) . centrifuged, and stained by the addition of I ml propidium iodide solution (50 J.Lg propidium iodide/ml Statistical analyses ofdata. All statistical analyses of data were performed using Instat software (Instat. San Diego, CA). Differences in cell number. sphingolipid concentration. apoptosis. or viability were evaluated either by multiple comparisons after ANOVA analysis, or by using Student's t test. The correlation of cell number and sphingolipid concentration was determined by regression analysis. Differences were considered significant at p > 0.05. 
RESULTS

Effects of FBJ on cell number and viability.
Incubation of HT29 cells with 1, 10, and 50 JLM FB I reduced the number of viable cells compared to the control by 18, 32, and 50%, respectively, by Day 1, and 27, 52, and 77% by Day 3 (Fig.  lA) . Dead cells (as evaluated by Trypan blue exclusion) were seen at higher concentrations of FBI (data not shown) and, since FB I has been shown to induce apoptosis in other cell lines (Ueno et at., 1995; Tolleson et at.. 1996) , we investigated further the nature of this cell death. The release of [3H]thymidine from prelabelled DNA is often used as an indicator of DNA fragmentation during apoptosis. FBI caused a statistically significant increase in DNA fragmentation at 10 and 50 JLM FBI (16 and 13% increase, respectively) after 24 h of incubation (p < 0.001).
The classical biochemical marker of apoptosis is the presence of oligonucleosome-sized fragments of DNA, generated by endogenous endonucleolytic activity. Therefore, we incubated cells with FBI and analyzed the appearance of DNA fragments by agarose gel electrophoresis. FBI (at both 10 and 50 JLM) caused the typical DNA "ladder" after 12 h (Fig. 2) . At 24 h, no distinct laddering could be detec~but the cells contained lower-molecular-weight DNA fragments (about 300 base pairs) that are indic--ative for further DNA cleavage after cell death 2 • Thus, it is evident that FB I induces apoptosis in HT29 cells. Effect ofAPJ on cell number. To determine if the tricarballylic sidechains are necessary for the toxic effect of FB I on HT29 cells, the cells were also incubated with API' which lacks those sidechains. API had no significant effect on the cell number except at the highest concentration examined (50 JLM), which reduced the cell number by 32 and 40% after 1 and 3 days, respectively (Fig. lB) . Therefore, the reduction in cell number by 50 JLM API was comparable to that for FB I at ca. 10 JLM.
2 DNase treatment cleaved that low-molecular-weight band.
Accumulation offree sphingoid bases. The effects of FB I and API on HT29 cells were compared. The amount of sphinganine in untreated HT29 cells was approximately 2 pmol of free sphinganinell0 6 cells ( Fig. 3A) and was increased significantly by FB I in a concentration-and time-dependent manner. The greatest change was seen in the first 24 h of incubation, when sphinganine was elevated by approximately 5-, 20-, and 500-fold at 1, 10, and 50 JLM, respectively. Sphinganine was also elevated by API (Fig. 3B) , but by only 4-and 33-fold at 10 and 50 JLM, respectively.
As has been found with other cells endogenous amounts of sphingosine were higher than sphinganine; however, FBI had less of an effect on sphingosine under the same culture conditions (e.g., increased only fourfold with 50 /LM FBI) (Fig. 3C ). Highly significant elevations in sphingosine were only seen with 50 /LM API (Fig. 3D) . JLM FB t plus ISP-1 in the DNA fragmentation assay, and p < 0.05 in both combinations in the FACS assay). There were no statistically significant changes in the cell-cycle distribution of HT29 cells after either FB I treatment alone or in combination with ISP-1 (data not shown).
To confirm further that the cells were undergoing apoptosis by measurements other than DNA fragmentation, the cells were stained with Hoechst 33258 and the morphology of treated cells was compared to the controls by light microscopy. The apoptotic "hallmarks," such as chromatin condensation and apoptotic bodies, could be seen in the FB I-treated cells (not shown).
To determine if free sphinganine can induce apoptosis, HT29 cells were incubated with 1 JLM sphinganine and ana-.lyzed by flow cytometry. This resulted in a twofold increase of apoptotic cells after 24 h (data not shown). The simplest interpretation of these results is that FB I inhibits growth and induces apoptosis by causing sphinganine accumulation, at least during the first 24 h of treatment.
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• control sphingolipid synthesis mimics the effects of FB I but also can be used to block the accumulation of sphinganine in FB 1-treated cells. This strategy has been used previously (Yoo et ai., 1996) ; however, {3-chloroalanine was used to inhibit serine palmitoyltransferase, and this compound can affect numerous other enzymes (Medlock and Merrill, 1988) . A more potent and selective inhibitor (ISP-l, or myriocin) has been recently found (Miyake et ai., 1994; Nakamura et ai., 1996) and was used in the next experiments.
As shown in Fig. 4 , 70 nM ISP-1 completely eliminated the incorporation of C
4 C]serine into sphingolipids. Analysis of the total sphingolipid mass upon incubation of HT29 cells with FBI' ISP-1, or both (Fig. 5) revealed that, on Day 1, 50 JLM FB I caused a significant reduction in the cellular levels of total sphingolipids, but effects were also seen with lower levels of FB I' with ISP-1 alone, and with the combination on Days 2 and 3. By blocking serine palmitoyltransferase activity with ISP-l, the elevation of free sphinganine by FBI was completely suppressed on Day 1 (Fig. 6) .
ISP-] blocks the induction of DNA fragmentation and apoptosis by FB]. Consistent with the reduction in cell number (Fig. 1) , incubation of HT29 cells with 10 or 50 JLM FB I for 24 h increased DNA fragmentation (Fig. 7A) This study has shown that FB I increased the free sphincranine content of HT29 cells and caused a significant ree duction in cell number via growth inhibition and induction of apoptosis. There was also a reduction in total sphingolipid levels at some FBI concentrations and timepoints; There are several mechanisms whereby increases in endogenous free sphingoid bases could account for this toxicity. Elevation of endogenous sphinganine by FB I has been shown to affect protein kinase C (Smith et al.. 1997l . Exogenous sphingoid bases are also cytotoxic (Stevens et al., 1990) . induce apoptosis (Ohta et al.. 1995 : Jarvis et al.. 1996 Sakakura et al.. 1996 : Sweeney et al.. 1996 . inhibit growth by inducing early dephosphorylation of the Rb protein (Chao et aI., 1992; Pushkareva et al.. 1995) . and inhibit primase activity (Simbulan et al.. 1994) , just to cite some of the systems that have been reported to respond to exogenous sphingoid bases . Cytotoxicity (reviewed in Riley et al., 1996) . growth inhibition (by decreasing steady-state levels of specific protein kinase C isoforms and transiently repressed AP I-dependent transcription) (Huang et aI., 1995) , and induction of apoptosis have been reported in cell lines (Deno et al., 1995; : Tolleson et aI., 1996 and cells and tissues of animals (Dombrink-Kurtzman et aI., Howard et al., 1995 : Bucci et aI., 1996 Lim et aI., 1996) exposed to FB).
In HT29 cells, 10 and 50 pM FE I increased the percentage of cells that were undergoing apoptosis by two-to threefold (e.g., to up to 16%). A higher percentage is probably not seen because apoptotic cell appearance can be limited to only a few minutes (Kerr et aI., 1987) (in vivo, apoptotic bodies are phagocytized by neighboring cells in only a few hours) (Brusch et aI., 1990) . Nonetheless, an increase in apoptosis from 0.06 to 1.33% in T-cells can reduce the cell number by 50% in 24 h (Howie et aI., 1994) , and, in epithelial cells, only 3% apoptotic cells can reduce the population by 25% after several days (Brusch et aI., 1990) .
The toxicity of FE I for HT29 cells after the first 24 h may involve depletion of complex sphingolipids, perhaps be- however, use of ISP-1 to inhibit this pathway upstream (as shown in Fig. 8) established that the accumulation of sphinganine was more important, at least for the first 24 h. A similar conclusion has been drawn from studies of LLC-PK1 cells (Yoo et aI., 1992 (Yoo et aI., , 1996 using {3-chloroalanine, which inhibits serine palmitoyltransferase as well as other pyridoxal 5'-phosphate-dependent enzymes (Medlock and Merrill, 1988) .
The disruption of sphingelipid metabolism has been pro-_ posed to be the initial step of both the toxicity and carcinogenicity of FB] (as recently reviewed in . However, there have been several reports of additional systems that are affected by FB I' such as phosphoprotein phosphatases (Fukuda et al., 1996) and translocation of protein kinase C (Yeung et al., 1996) . Some of these may be consequences of the disruption of sphingolipid metabolism rather than direct interactions between FB I and additional targets (as discussed in Merrill et aI., 1996) . In any event, the ability of ISP-1 to reverse the toxicity of FB I confirms the central role of ceramide synthase in the action of this mycotoxin.
cause this alters cell-cell and cell-matrix interactions. which are known to induce apoptosis in epithelial cells (Frisch and Francis, 1994) . By this rationale, our findings suggest that intestinal cells are likely to be sensitive to fumonisins in vivo, which, as far as we are aware, has not been given much attention. Intestinal cells are exposed to a substantial portion of the fumonisin that is ingested: Shephard et aI. (1995) found that intestinal epithelial cells contained 25% of the dose 24 h after administration of radiolabeled FB], and Norred et aI. (1993) found that more than 80% of the radiolabeled FB I was excreted in feces within 48 h. The major route of elimination FB I is via bile (Shephard et at., 1995; Norred et aI., 1993; Shephard et aI., 1994a; Prelusky et aI., 1994) ; therefore, enterohepatic circulation probably augments the exposure of the intestine to these mycotoxins. In fact, since the initial preparation of this manuscript, Bhat et at. (1997) have reported that the consumption of moldy corn and sorghum that contained fumonisins caused acute abdominal pain, borborygmi, and diarrhea in humans, while the same grains killed domestic animals.
Some of the excreted fumonisin appears as API because it has either undergone hydrolysis prior to consumption or while in the intestine (Shephard et at., 1994b) . This form of FB I also caused an elevation in sphinganine and toxicity, although removal of the tricarballylic sidechains reduced the potency by at least fivefold. This finding with HT29 cells was consistent with the lower potency of AP I as an inhibitor of cerarnide synthase (Merrill et aI., 1993) . In vivo, API causes lesions in liver and kidneys of rats that are indistinguishable from those caused by FBI (Voss et aI., 1996) , and diets containing API have also been reported to have liver cancer-promoting activity (Hendrich et aI., 1993)5. Therefore, the reason for the in vivo toxicity of AP I warrants further study because it is inexplicably greater than would be predicted from these studies with cells in culture.
